A quantitative metallographic analysis has been made on the microstructures of carbonyl iron powder compacts sintered in (void-A) and isolated in the interior of grains (void-B), were determined by the lineal and areal analyses made on the metallographic plane sections. Increase in grain size and decrease in grain boundary area as well as decrease in the number, volume fraction and the area of the free surface of void-A and the total area of free surfaces could be approximated by the simple power function of sintering time. On the other hand, the isothermal curves for the number, volume fraction and free surface of void-B had a maximum value at a certain period of sintering time. Spheroidization of the voids and the topological change in the sintering structure are also discussed.
I. Introduction
In the last two decades many studies have been done on the sintering kinetics of monophase metal powders. In most of the studies, changes in shrinkage rate, tensile It is the main purpose of this paper to make a quantitative estimation of the change in the microstructure of sintered metal. For the experiment a fine carbonyl iron powder was selected as a model material, since a considerable change in the structure due to the small particle size can be expected during sintering.
II. Experimental
The carbonyl iron powder used for this experiment was of MCP grade produced in Mond Nickel Co., and was spherical in particle shape.
The particle size distribution in Fig. 1 was determined by the measurement of diameters of 500 particles on photographic planes and the average particle size was 4.5 micron. The powder Fig. 1 Size distribution of carbonyl iron powder used in this experiment.
Average particle
Then it was compacted at a pressure of 2tons/cm2 to a dimension of about 4mm wide, 5mm in height and 10 mm long. The compacts were sintered in dried hydro- Table 3 .
Structural properties calculated from these data are described in detail in the following sections.
Grain growth
Increases in grain size during sintering are shown in ( 1) where d is the grain diameter in microns and t is the time in minutes. The time exponent of eq.
(1) accords with that of Kingery's equation (6) for the grain growth during sintering. Kingery derived the growth equation expressed as (2) on the following assumptions: the voids are located on the triple points of grain boundaries which are characteristic of the sintering structure of a crystalline oxide, and move along with the grain boundaries.
But this is not the case in this experiment; except the early stage of sintering, voids are distributed not only on the triple points but also on any places of grain boundaries and in the interior of grains as shown in Photo. 1. On the other hand, a theoretical equation similar to eqs.
(1) and (2) was derived by Hillert for the grain growth of metals in which second-phase precipitates coalesce simultaneously(7). This may suggest, 
Grain boundary area
As shown in Fig. 3 
where fv-total is the total porosity and fv-A is the volume fraction of void-A. It is noteworthy that the volume fraction of void-B has a maximum value at a certain period of sintering time. (6) where p is porosity, k and C are constants. Equation (6) can be applied only when the pore space is a continuous multi-channel. The plot of our data deviates remarkably from the logarithmic relation in the early stage of sintering as seen in Fig. 5 , whereas the data obtained by Fischmeister(3) for the experimental conditions slightly different from ours agreed well with the theoretical equation. It is to be noted, however, that in the later stage our data lies nearly on the straight line and that eq. (6) apparently holds even though the void space becomes discontinuous as represented in the following sections.
Isolation* and spheroidization of voids
The changes of the void structure during sintering are shown in Photo. 1. In the early stage of sintering the void space forms a continuous multi-channel (Photo. 1 (a)) and is gradually divided into smaller parts with the growth of interparticle necks and the approach of adjacent particle centers ( Photo. 1 (b) (c) ). The isolation and spheroidization of voids proceeds through the of spheroidization can be estimated by eq. (7) for the lineal and areal measurements(5). (7) where k1, k2, k3 are one-, two-and three-dimensional shape factors respectively. The right side term of eq. (7) is determined experimentally and the left side term is a combination of the shape factors. For spherical =0.0531.
As the equilibrium shape of voids is spherical, the comparison between the calculated values for the voids of the right side term of eq. (7) and the value for the sphere give a good estimation of spheroidization of voids. The values of eq. (7) calculated from the experimental data listed in Table 3 are given in Table 4 . In the case of the voids isolated within grains, the calculated values are near to those of the sphere and no systematic deviation from sphericity can be found. On the other hand, a definite deviation from sphericity can be found in the case of the voids intersected with the grain boundary in the early stage of sintering. Where NV-total is the number of voids as a whole and NV-A is the number of void-A.
On the other hand, the isothermal curve for the change in the number of Fig. 8 Relation between total number of voids and sintering time. 
Inner free surface
The inner free surface also changes in a similar way to those of the number and volume fraction of voids. Figure 10 shows the decrease in the total free surface during sintering and the plot is appoximated by the following expression:
(10) Fig. 10 Relation between total area of free surface and sintering time.
where Sf is the total free surface in unit volume. A similar equation to (10) for the change in the total free surface during sintering was also obtained by Fischmeister(3). In Fig. 11 the changes in the free surface of the void-A and the void-B are shown, and the decrease in the free surface of the void-A is approximated by: 
is the true density, Sf is the inner free surface and m is a constant. From the theoretical consideration on the basis of topology, m is a function of genus of the three dimensional structure of sintered body (12) . The plot of free surface against relative density is shown in Fig. 12 . Equation (12) holds only in the density range of about the particles cannot be attained in the green compacts and new contacts may be formed by the approach of the centers of the adjacent particles, which causes an increase in the genus of a system. As a result, the deviation from eq. (12) occurred in the early stage of sintering as shown in Fig. 12 . The deviation in the high density range is supposed to be caused by the decrease in genus which resulted from the isolation of voids and the decrease in the number of isolated voids. The three ranges in the relation between free surface and density may correspond to the three stages of sintering.
IV. Conclusion
Structural changes in carbonyl iron powder compacts titative microscopic analysis.
The results are as follows:
(1) The grain size increases according to the onethird power law, in which voids should be regarded to be a kind of inclusions that hinder grain boundary migration.
(2) The grain boundary area decreases according to the simple power function of sintering time.
(3) Average size of voids increases with sintering time. The size of the voids intersected with the grain boundary is always larger than that of the voids isolated within grains over the time range observed and the difference between them decreases with sintering time.
(4) The decreases in total porosity and in total free surface, as well as those in the volume fraction and in the free surface of voids intersected with the grain boundaries, can be approximated by the simple power function of sintering time. On the other hand, the above quantities for the voids isolated within grains have maximum values at a certain period of sintering time.
(5) The change in the total free surface area plotted against relative density is divided into three stages which correspond to the three stages of sintering.
